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A STUDYOFBOUNDARY-LAYERTRANSITIONANDSURFACE~

DISTRIBUTIONSAT MACH3.12

ByPaulF.Brinich

Surfacetemperaturedistributionson; hollowcylinderalinedwith
theairstreamwerestudiedina Mach3.12windtunnelatReynoldsnum-
bf3?% per inchfrom1X105to 7X105.‘Ikansitionwithandtithoutsingle
roughnesselementswasobservedflromthesurfacetemperaturedistribu-
tionsandfromhigh-speedschlierenmotionpictures.

Campsrisonofthesurfacetemperaturedistributionsobtainedonthe
presentmodelwiththoseobtainedinearliercylindertestsindicates
that,astheleadingedgewasmadesharper,thetemperatureriseatthe
transitionpointbecamemoreabrupt;also,thetemperaturedistribution
becamemoresimilartothatobsa’vedona coneunderthesametestcon-
ditions.Sharpeningtheleadtigedgealsodecreasedthetransition
Reynoldsnumber.

Whena singleroughnesselementwaslocatedinthelaminarboundary
layer,thesurfacetemperaturedistributionwaschangedonlyslightlyat
theelement,butthetransitionpointwasshiftedupstreamsomewhat.
Whentheroughnesselementwasplacedinthetransitionalorturbulent
bbundarylayer,largeperturbationsinthetemperaturedistribu~ionre-
sulted,withno changeintransitionReynoldsnumber.

INTRODUCTION
.

Bound~-layertheoryhasadvancedtothestagewhereitisnow
possibletopredictwithsomeconfidencethebehaviwofthelaminar
andturbulentboundsrylayersona flatplateatmoderatelyhighMach
numbers.Thedeterminationoftheover-sllbehavioroftheboundary
layer,however,haslaggedbecauseofa poorunderstandingoftheint-
ermediatetransitionregion,itslocationandextent.Thisreport
representsa continuationofthetransitionstudies
withnegligiblepressuregradientsmadeattheW
anddiscussedinreferences1 and2.

inhigh-speedflows
Lewislabmatory
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Reference1,whichshowsthatthetransitionpointfluctuatesrap-
idlyforeandaftalonga bodyina randcmmanner,hypothesizesthatthe
moreorlessgradualriseofthesurfacetemperatureinthetransition
regionisrelatedtothetransition-pointfluctuations.Whereasthe
transitionstudiesofreference1 weremadeona cone,reference2
extendedthesurfacetemperaturemeasurtigtechniquetoa cylinderalined
withtheairflow.Comparisonoftheresultsofreferences1 and2 in-
dicatesthattemperaturedistributionsinthevicini~oftransition
differmarkedlyfortheconeandthecylinder,andthatthetemperature
distributionforthecylindercannotbe dtiectlyrelatedto thestatis-
ticaldistributionoftheinstantaneoustransition-pointlocations.
Therefore,partofthepurposeofthepresenttestswasto determineo
additionalfactorshavinga bearingonthesurfacetemperaturedistri-
butioninthevicinityoftransitionona cylinder.

Duringthecourseoftheexpe?xbnentsinwhichtheeffectofrough-
nessontransitionwasbeingstudied{ref.2),certainanomaliesinthe
temperaturedistributionswerenotedwhenevertheroughnesselementwas
placedinthetransitionalorturbulent-boundary-layerregions.A short
studytoconfirmandexploretheseanmnalieswasaccordinglymade,the
resultsofwhichformthesecondpartofthepresentreport.

Sincethisexperimentwasperformedinoneparticularwindtunnel,
itisnecessaryto exercisecautionb applyingcertdnofthequanti-
tativeresultsto otherwindtunnelsorto free-flightproblemsinwhich
thestreamturbulencediffersfromthepresentvalues.

APPARATUSANDTESTPROCEDURE

CylinderModelandInstrumentation

The5.31-inch-dismeterholJowcylinderusedforthepresentinves-
tigationisthesamemodelas describedinreference2, exceptthata
replaceableleadingedgeandstatic-~essureorificeshavebeenadded.
A drawinggivingpertinentdtiensionsofthemodel,thermocoupleand
static-pressureinstrumentation,andtheleading-edgemodificationis
showninfigure1. Thechangeintheleading-edgeconstmctionwas
madetoprovidegreatereaseofleading-edgerepairwithimproved
machiningaccuracy.Sincetheleadingedgeusedinthetestsofref-
=ence2 wasintegralwiththesoftouterstainless-steelshell,itwas
necessarytokeepitatleast0.006inchthicktomeetadequatestrength
requirements.Thepresentreplaceableleadingedgewasmadeofhardened
carbonsteel,whichcouldbemachinedmorecloselyto theidealwedge
shape,andhadanapexofonly0.0008-inchthickness.A slightirreg-
ularityatthejunctureoftheleadingedgeandthestainless-steel
shellwasformedwhichneverexceeded0.0005inch.Suchan irregularity
couldhavenoperceptibleeffectonthelocationoftransition,accord-
ingtotheresultsofreference2.

d+to
d
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Singleroughnesselementsmadeof0.010-,0.032-,amd0.079-inch-
diameterwire,similartotheonesofreference2,wereusedh thepres-
entinvestigation.The0.032-inchelementwastestedat 2,4, 8,and
12 inchesfromtheleadingedge,andthe0.010-and0.079-inchelements
at the12-inchpositiononly.

Surfacetemperatureswereobtainedby measuringtheelectricalout-
putsof50 stainless-steel- constantanthermocouples.Theseoutputs
weremeasuredona self-balamcingpotentiometerhavinga totalscale
deflectionof1 millivolt,givingtemperatureerrorslessthanj43.25°F.
Modelandtunnelwallstaticpressuresweremeasuredonbutylphthalate
differentialmanometersthathadanaccuracyof@.002 poundpersquare
inch. Schlierenhigh-speedmotionpicturesweretakenwitha lenssys-
temgiving.a 16to1 magnificationinthedirectionnormlto theflow,
as describedinreference3. Thismagnificationproduceda virtual
thickeningoftheboundarylayerandmadethelaminar,transitional,and
turbulentregionsreadilyobservable.

WindTunnelandTestConditions

ThemodelwastestedintheNACALads 1-by l-footvariableReyn-
oldsnumbertunnelatMach3.12,whichisthesametestfacilityused
inreferences1 and2. Theturbulentintensitynotedpreviously(ref.2)
inthetunnelentrancemay,therefare,be assumedtobe unchangedfor
thepresenttests.

Inreference2 themodelleadingedgewaslocatedupstreamofthe
schlierenfieldofview.Sincethiswasanundesirablesituation,the
modelwasdisplaceddownstream1.8inchestomaketheleadtigedgevis-
ible.An additionaldownstreamlongitudinaladjustmentof3.3inches

, wasalsoprovidedinorderto studyanypossibleeffectofmodelloca-
tionrelativetothetunneltestsectionontherecovery-factordistri-
butionandtransitionlocation.

Themajorityofthetestswereconductedwiththemodelinthefor-
wardpositionwiththeleadingedgevisible, andonecheckrunwasmade
inthedisplacedposition3.3inchesdownstream.Temperatureandpres-
suredistributionswereobtainedalongthebottcnnofthemodelonly,as
indicatedinfigure1. Stagnationtempemtureswerematitainedbetween
48°and64°F, andstagnationpreBsureswerevariedfrom7 to50pounds
persquareinchabsolute.Thisgavea Reynoldsmniberrangefiamlti~
to 7xl@ perinch.

KESULTSANDDISCUSSION

It isgenerallybelievedthatthe@@rtamt vsriablesaffecting
transitionlocationareMachnumber,Reynoldsnumber,pressuregradient,

.————— –——-—.- -–.-—
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heattransfer,turbulencelevel,leading-edgethickness,andsurface
roughness.Ofthese,onlythestreamReynoldsnumber,leading-edge
thickness,andsizeandlocationofroughnesselementswerestudied.

PressureDistributions

Thevariationofthepressurecoefficient~ alongthebottumof
thecylinderispresentedinfigure2(a)forfourvaluesoffree-stream .
Reynoldsnumberperinch U#u=.

c
Thesedistributionsindicatea gradual .

t
increaseinpressureovertheentirecylinderlengthwithsmalJ_10C4
perturbations.As wasdemonstratedh reference2,pressuregradients
ofsuchmagnitudewouldhavea negligibleeffectonboundary-layersts-
bilityand,itmaybe inferred,a negligibleeffectonthelocationof
transition.

Figures2(b)to (d)showthevariationofpressurecoefficientfor
roughnesselements0.010,0.032,and0.079inchhigh,respectively,
placed12 inchesfromtheleadingedge.Withtheexceptionofthepres-
surecoefficientat x = 12.4 inches,no apparenteffectoftherough-
nesselementonthepressuredistributioncanbe noted.Theremainder
ofthepressuredistributionresemblesverycloselythatobtainedwith-
outa roughnesselementas showninfigure2(a).

Figures2(c)and(e)to (g)givethevariationofpressurecoef-
ficientalongthebottomofthecylinderatvariousvaluesofReynolds
numberperinchfora roughnesselement0.032inchhighlocatedat
x = 12,8,4,and2 inches,respectively.Inthesefiguresitisagain
apparentthatthepressuredistributiondoesnotchangemarkedlyfrom
thatobservedwithouta roughnesselement,withtheexceptionpossibly
ofthepressurecoefficientimmediatelydownstream
general,thecoefficientatthislocation(0.4in.
dropsbelowthevalueobtainedwithoutan element,
estforelementsnearesttheleadingedge.At the
1.6inchupstremand2.4inchesdownstreamofthe
theroughnesselementonthepressuredistribution

oftheelement.In
fromtheelement)
thisdropbeinglarg-
nextnearestorifices
element,no effectof
wasdetected.

Recovery-FactorDistribtiions

Withoutroughnesselements.- Recovery-factordistributionscor-
respondingtothetestconditionsoffigure2 arepresentedinfigue3.
Temperature-recoveryfactorq isdefinedby theequation

T - T=
7=~

Oal

(8ymbolsaredefinedinappendix.) Forthecylinder
nesselement(fig.3(a)),therecove~factorsnearest

withouta rough-
theleadingedge

— ...— —————-
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rangebetween0.854and0.857,whicharequiteclosetothetheoretical
laminarvalueofabout0.850obtainedfromthePrandtlnumberevaluated
atthemeasuredrecoverytemperature.b reference2 thecorresponding
recoveryfactorsmeasuredwere0.867to0.878.

Thereasonforthisreductionininitialrecoveryfactorinthepres-
entinvestigationisbelievedtobe associatedwiththereductionin
leading-edgethickness.Reference4 foundthattheexperimentallaminar-
boundary-layerprofilesap~oachedthetheoreticalastheleading-edge
thiclmesswasreduced.By analogy,thistendencymightbe expectedto
holdforthemeasuredrecoveryfactorsalsoandthusaccountforthe
improvedagreementbetweenexperimentandtheoryinthepresentinstance
comparedwiththatnotedinreference2.

A furthercomparisonoffigure3(a)withtherecoveryfactorspres-
entedinreference2 indicatesa forwardshiftinthepresentrecovery-
factoipeaksforcorrespondingvaluesoffree-streamReynoldsnumberper
inch.Ifthetransitionpointsaretakentobe at thetemperaturepeak,
as inreference2,thisforward shiftisequivalenttoa reductionin
transitionReynoldsnumber.

Theturbulentrecoveryfactors,whichcorrespondtothemoreorless
horizontaldistributionofpointstotherightofthepeaksinfigure
3(a),agreefairlywellwiththoseobtainedinreference2. Thevalues
liebetween0.875and0.886andshowthesamecharacteristicvariation
with U&/V= as observedinreference2. Theoreticalturbulentrecovery
factorsas giyeninreference5 forthepresenttestconditionsarevery
closeto 0.885.Thesearebasedona temperaturethatisthearithmetic
meanofthemeasuredturbulentrecoverytemperatureandthefree-stream
statictemperature.

Recovery-tactordistributionsforthecylinderusedinthepresent
tests,thecylinderofreference2,andtheconeofreference1 arecom-
paredinfigure4 forvaluesof U&/vm of3.5and6.7x105perinch.
Thesemodelswerealltestedinthesame@d tunnel,andtherecovery
factorshavebeeninterpolatedto thesameReynoldsnumberperinch.
RecoveryfactorsandReynoldsnumbersfortheconeaxebasedonlocal
conditionsoutsidetheboundarylayerwheretheMachnumberwas3.0.
Theeffectofsucha smalldifferenceinlocalMachnuniberonthe
laminer-boundary-layerstabilityhasbeenneglectedinthepresent
analysisintheinterestofsimplici~,accordingtofigureI-1ofref-
erence6. Sincetheskinthiclmessesinallcaseswerethesame,dif-
ferencesintherecovery-factordistributionsshouldreflectdifferences
inexternalmodelgecunetryonly.

Recoveryfactorsinthelaminarregionarelowestfortheconeand
highestforthecylinderofreference2 havingthe0.006-inch-thicklead-
ingedge.TZ’~SitiOnlocations~, givenby temperaturepeaksinthe

—.
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recovery-factordistributions,arelowestforthepresentcylinderhaving
the0.0008-inch-thickleadingedgeandhighestfortheconeofreference
1. Theratiooftheconeto thecylindertransitionReynoldsnumberis
2.4and1.7for U~v= of3.5and6.7xl&,respectively,whereasfrom
stabilitytheorythevaluesuggestedby reference6 (p.803)Is3. For
thecylinderofreference2 havtigthe0.CK)6-inch-thickleadingedge,
thisratiois1.2and1.4forthesamevaluesof Uk, respectively.
Thus,by increasingthesharpnessofthecylinder(orflatplate)lead-
ingedge,transitionReynoldsnumbersarereducedandtheratioofthe
conetothecylindertransitionReynoldsnumberisbroughtintocloser $
agreementwiththepredictionsofstabilitytheory.By thismeansalso, 8
expertientalMmin= recoveryfactorsforthecylinderaremadeto
approachthetheoreticalvalues.Becauseoftheslightheattransfer
throughtheleadingedgeofthecylinder(thisproblemwastreatedtheo-
reticad3.yb ref.7),orthedifficultyinobtaininga sufficiently
sharpleadingedge,itmaybe impossibletoreachthelowinitialre- .
coveryfactorsfoundona cone,however.

Withroughnesselements.- Theeffectofthesizeofa singlerough-
nesselementontherecovery-factordistributionmaybe seeninfigures
3(b)to (d). Inthesefiguresthedistanceoftheelementfhm thelead-
ingedge Xk was12 inches,andtheroughnesselementswere0.010,0.032,
and0.079inchhigh,respectively.Theeffectofroughness-elementloca-
tion,ontheotherhand,isillustratedinfigures3(c),(e),(f),and
(g),wheretheelementsizewas0.032tichanditspositionxk was12,
8,4,and2 inchesdownstreamoftheleadingedge,respectively.

Whentheroughnesselementswerelocatedat xk= 12 tiches~they
wereintheturbulentboundarylayerforthethreehighestvaluesof
Reynoldsnumberperinchandatthetransitionpointforthelowest
value.Therecovery-factordistributionsshowlittlechangefromthe
distributionsoffigure3(a)intheinitial10 inchesfromtheleadimg
edge.An exceptionto thisbehavioroccursinfigure3(b)fortheO.OIO-
inchelement,wherethetransitionpointisdisplacedupstreamslightly.
Thisdiscrepancywascausedby a slightvariationintheshsrpnessof
theleadingedgemd isindependentoftheroughness-elementsize;inno
instancedidtheroughnesselementshaveanyeffectonthetransition-
poi.ntlocationfor xk= 12 inches.

Intheranaimingfigures(3(e)to (g)),the0.032-inchroughness
elementwaslocatedinthelaminar,transitional,amdturbulentregions
oftheboundarylayer.Examinationofthevariouspartsoffigure3
revealsthefollowingcharacteristicsoftherecovery-factordistri-
butions:Foran elementb thelaminarboundarylayer,noabruptper-
turbationoftherecoverytemperatureneartheelanentcanbe detected,;
onlya slightupstreamshiftofthetransitionpointtakesplace.when
theelementisplacedintheturbulentlayer,largeperturbationsinthe
temp=aturedistributionresult,withno effectonthetransition-point ‘,
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location.Iftheelementisplacednearthetransitionpoint,thenthe
temperatureriseassociatedwithtransitionandthatcausedby theele.

‘mentintheturbulentboundarylayerbecomesuperimposed,resultingin
thehighestsurfacetemperaturesobserved.

Temperaturevariationscausedby theelementintheturbulentbound-
arylayerweregreatestforthelargestroughnesselements.Thehigh-
estvaluesofthesurfacetemperature,whethercausedby transition,by
a roughnesselementintheturbulentboundarylayer,orby a cmibination
ofthetwo,alwaysoccurredatthelowesttunnelReynoldsnumber.The
lowestvaluesofsurfacetemperaturedownstreamofan elementinthe
turbulentortransitionalboundarylayeroccurredat thehighesttunnel
Reynoldsnumber.Ingeneral,deviationsinturbulentrecoveryfactor
causedby theroughnesselementstendedtowashoutdownstreamonthe
modelwheretheturbulentrecoveryfactorsapproachedthoseobtained
withoutroughness.Evidenceofthiswash-owtforthemostseverelyper-
turbedturbulentrecoveryfactorisapparentframa comparisonoffig-
ures3(d)and(a).

High-SpeedSchlierenMotionPictures

High-speedschlierenmotionpictureshavinga 16:1magnification
normalto thestreamdirectionweretakenoftheboundarylayerwith
andwithoutroughnessat thevarioustestconditionsusedinfigure3.
A typicalenlargementofa singleframetakenata Reynoldsnuniberof
1.82Xl.&per‘inchwithouta roughn?sselementisshowninfigure5.
Thisphotographwastakenata f~ speedof4(130framespersecond,
givingan individualfrsmeexposmeofabout1/12,000second.This
exposureisabout100timeslongerthanthatattainablewiththeshort-
durationsparksourcescommonlyusedforhigh-speedschlierenphoto-
graphs;and,consequently,someoftheveryhigh-speedmovementsappear
blurredandcannotbe distinguishedintheexampleshown.Thislossof “
detailintheindividualframesispartlycompensatedforinviewing
thefilmwitha conventionalmotion-pictureprojector,however.Much
ofthesucceedingdescriptionisbasedonobservationsofthepro~ected
motionpicturesandisnotdetectableonthesingle-framephotographof
figure5. .Theslightbendinthecylindersurfaceiscausedby the
magnificationofa muchsmallerbend(0.020in.in18 in.oflength)in
theactualcylinder.

Infigure5 thelightstreakadjacenttothemodelsurface,which
isidentifiedas thelaminarboundarylayer,appe~edtobe completely
steady,exceptforthel~st valueof U=/v_,whereslightundulations
ofthelaminarboundarylayerwereapparent.ThiS lengthoflaminar
runcorrespondswiththedistamcefrantheleadingedgetoa pointsome-
whatupstreamofthepeakrecoverytemperatureforeachvalueofReyn-
oldsnumberperinch,as isindicatedb figure3(a).

—. ...—. ———-.——. --— —.— .—.— _ ——— — ----- —.— -—.-––-—- —
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Immediatelyfollowingthesteadylaminarflow,a regionofcompar-
ativelyviolentfluctuationsappeared.Becausethepicturewasdistorted
by theunilater~magnificationoftheschlierensystemandbecause
ofthelackofsufficientspeedandresolutioninthemotion-picture
camera,theinterpretationofthemovementsobservedisnotentirely
clear;forexample>someobserversmaintainedthatthefluctuations
couldresemblea foreandaftmotionofthetransitionpoint,whereas
othersclaimedthatthepicturewasoneofintermittentseparationand
reattachmentofthelaminarboundarylayer.Whethereither”orbothof
theseexplanationsareanadequatedescriptionofthephysicalphenomena
canbe ascertainedonlyby furtherexperimentation.Theseobservations,
crudeastheymaybe,confirmthegeneralnotionthatthetransition
fromlaminartoturbulentflowrequiressomedistancetotakeplaceand
isaccompaniedby ratherviolentlyfluctuatingmovements.Thelength
ofthisfluctuatingregion,whichwasmeasuredfrumtheprojectedhage,
vsriedbetween1.5and6 ormoreinchesasReynoldsnumberwasreduced
from6.61to0.95x1&perinch.Theseregionsareindicatedinfigure
3(a). TheReynolds5nuniberbas~donthelengthofthistransitionregion
variesbetween6x1O and10x1O.

Theedgeoftheturbulentboundarylayerwasnotaswelldefined
asthatofthel~inar;andoftentheonlyevidenceof itsouterextrem-
itywasa randomfluctuatingmotion,appreciablylessviolentthanin
thetransitionregion.Thismotionwasvisibleto thedownstreamex-
tremi~oftheschlierenfieldofview.

TransitionReynoldsNumber

Thetmnsitionpoints,definedas thetemperature-peaklocations
alongthesurface,andthetransitionReynoldsnumbers,withoutrough-
ness,werefoundas a functionoffree-streamReynoldsnumber.These
results(figs.6 and7)wereobtainedattwopositionsinthetunnel
testsection3.3inchesapart,as describedinthetestprocedure.Com-
parisonofthedatashowsthatthereislittleifanyeffectofmodel
locationinthetestsectionforthetwopositionstested.Mostofthe
differencesbetweenthetwosetsofdataarebelievedresolvableinterms
oferosionandwesroftheleadingedge.Thesameexplanationwould
applytotheslightdifferencesintemperature-peaklocationsoffigures
3(a}and6.

Twoofthecurvesinfigure7 wereobtainedby theequation

whichwasusedto correlatethezero-roughnessresultsfoundinrefer-
ence2. TheconstantD isestimatedfrcmthepresentresultstobe l,.

\



NACATN 3509 9-

about2900,whereasreference2 showedittobe 5000~Ifa moregeneral
relationforthetransitionReynoldsnumberofthetype

isassumed,a curvedescribedby theexpression

u 0.39

Ret
()

= 12,300&

(1)

isfoundtofitthepresentexperimentalresultsbetterthanthesquare-
rootrelation(fig.7). Thelargediscrepancybetweenthepresentcor-
relationofthetransitionReyooldsnumberwith U./v_ andthatobtained
inreference2 iscausedby thedifferencesinleading-edgethicknessfor
thetwomodelconfigurations.

Heat-ConductionEffects

Neartransitionregion.- Thegadualriseinrecoverytemperature
alonga conefroma laminartoa turbulentvaluewascorrelatedinref-
erence1 witha randommovementofthetransitionpointobservedby
meansofhigh-speedschlierenphotography.A succeedingtivestigation
(ref.2) showedtherecovery-temperaturerisemeasuredona cylinderto
bemuchflatterthanonthecone,andyettherandommovanentofthe
transitionpointobservedwithhigh-speedphotographyhada relatively
shortextension,comparablewiththatobservedforthecone.Hence,h
reference2 therandomtransition-pointmovementcouldnotaccountfor
therelativelyflatsurfacetemperaturedistributiononthecylinder.
ArIexplanationfortheverygradualtemperaturerisewasthensoughtin
possibleheat-conductioneffectsthroughthecylinderskin.Theeffect
ofconductiononthesurfacetemperaturewascomputedandwasfoundto
bemuchsmallerthanrequiredtoproducetheobservedtemperature
distribution.

~ thepresentexpertientthetemperaturevariationsalongthe
cylindersreconsiderablymoreabruptthanreportedinreference2,and
conductioneffectshaveconsequentlybeenreassessed.Themethodused
to calculatetheconductioneffectsandtheassumptionsinvolvedere
presentedinappendixB. Theresultsofthecalculationsanda compar-
isonwithexperimentarepresentedinfigure8 forfourvaluesofReyn-
oldsnumberperinch.Theordinate19isa dimensionlesstemperature
resultingfromthesolutionofthedifferent+equationfortheheat
flowandisdefinedas

T- ‘ade=—
‘f - ‘ad

——— .Z - — —-
— -—...—- ——
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where Ta
t

isthelaminarrecoverytemperatureassumedtoholdat the
leadinge ge,and Tf isa fixedwalltemperatureoccurringattheend
ofthelaminarregionas describedh appendixB. Experimentalvalues
of 19werecomputedusingfor Tad thetemperatureattheftrstther-
mocoupleandfor Tf thetemperatureat theendofthesteadylaminar
regionshowninfigure3(a).

Figure8 indicatesthatthecomputedtemperaturedistributionswhich
consideronlyshellconductioneffectsvaryappreciablyfromtheexperlmen- $taldistributions.Thesevariationssuggestthattheheat-transferrates
givenby reference8 aretoolowto producethemoregadualtemperature 8

risesobservedexpertientally.Thisisparticularlytrueofthelowest
Reynoldsnumberandtoa lesserextentoftheothers.Forthelowest
Reynoldsnumber,undulationsinthelaminarboundarylayerwereclearly
perceptiblefromthemotion-picturestudies,aswaspointedoutearlier,
andmayhaveincreasedtheheattransferabovethesteady-statelaminar
valueassumedinthecomputations.

,,
Althoughsuchundulationswerenot

strongenoughtobe apparentatthehigherReynoldsnumbers,itiscon-
ceivablethattheyexistedandhada stmilarbutsmallereffectonthe
experimentaltemperaturedistributions.Itmaybe concludedthatsteady-
stateheat-conductioneffectsaccountforanappreciablepartofthe
temperatureriseaheadofthetransitionpoint,buttheydonotaccount
foritentirely.

Thedropintherecoveryfactorfollowingthepeak(fig.3) is
probablyrepresentativeofa gradualdiminutionofthemixingaction
throughoutthetransitionregionto a magnitudecharacteristicofthe
turbulentflow. In sucha regionheat-conductioneffectswouldbe
extremelydifficultto evaluate,sinceheat-transfercoefficientsfor
thetransitionregionarenotlamwn.If itis grantedthatthesecoef-
ficientsareconsiderablyseaterthanthela.minarones,theninall
probabilitythetemperaturedropafterthepeakisnotappreciablyin-
fluencedby conductionofheatinthecylinderskin.

War roughnesselements.- Thepreviousdiscussionofthetemper-
atureriseattheroughnesselementdidnotconsiderpossibleeffects
ofheatconductionwithinthecylindersurfaceb theneighbmhoodof
theelement.A calculationofthetemperaturedistributionbasedon
themethodgiveninappendixB usingturbulentheat-transfercoefficients
alsoindicatesanappreciableupstreaminfluenceofconductiononthe
surfacetemperature.Itmaythereforebe assumedthatthetemperature
risewhichwouldexistintheabsenceofsurfaceconductionwouldbe
higherandmoreabruptthanshowninfigure3.

Thetemperaturerisefollowingthetemperatureundershootdownstream
oftheelementistoogradualtobe explainableintermsofthepreceding
conductionanalysis.Inthecaseofthe0.079-inchelementoffigure
3(d),forexample,thesurfacetemperatureroseslowlyfora distance ‘r
of14 inchesbeforereachingthevalueattainedwithouta roughness
element.

—
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QualitativeDescriptionofObservedFlows

Basedonthehigh-speedschlierenmotionpictures,instantaneous
sparkschlierenphotographs,surfacetemperaturedistributions,and
analysesoftheconductioneffects,a unifiedpictureofboundary-layer
transitionandtheeffectofsingleroughnesselementscambe formulated.
A sketchofthebound~-layertransitionwithoutroughnessispresented
inthelowerportionoffigure9(a),andthecorrespondingtemperature
distributionisshownabove.Thesteadylaminar-boundary-layerrun
observedinthemotionpicturesterminatesslightlyaheadofthetemper-
aturepeak. Herea transitionregionisinitiatedinwhichlargerandom
disturbancesorfluctuationsareformedthatfinallydevelopintoa tur-
bulentboundarylayer,havinga diffuseouteredgeandsmallerrandom
oscillations.Theterm“transitionregion”appliestotheregionof
largefluctuationsdesignatedinfigure3(a),whereastheterm“transi-
tionpoint”identifiesthelocationofthepeaktemperaturewithinthe
transitionregion.

Thecorrespondingsurfacetemperaturedistributionindicatesan
initialrecoverytemperaturesamewhathigherthamthetheoreticallam-
inarvalue,whichmaybe accountedforby eitherorbothofthefollow-
ingexplanations:(1)conductionandconvectionofheatina downstream
directionfrmntheinterioroftheleadingedge;(2)errorincomputing
therecoveryfactorbecausetheactualvelocityattheedgeofthebound-
arylayerislessthanfreestreambecauseoftheshocklossesnearthe
leadingedge.As theleading-edgeeffectwashesout,thetemperature
dropsslightly,reachesa minimum,andbeginstoriseinthesteadylam-
inarflowregion.A significantpartofthisprematurerisemaybe
explained,at leastforthehighReynoldsnumbers,asforwardconduction
ofheatwithinthemodelskinframthehigh-temperaturesourceoccurring
atthetransitionpoint.Ifthisexplanationforthetemperaturerise
isgranted,thenthetemperaturerisethatwouldoccurintheabsence
ofconductionwillbecbmemoreabrupt.Thetemperaturepeakapparently
isasscmiatedwitha violentmtiingaction,andthedecreaseinwall
temperaturewithincreasingdownstreamdistmceistheresultofatten-
uationofmixingtoa valuecharacteristicoftheturbulentbound~
layer.

Whentheroughnesselementisplacedinthelaminarboundarylayer,
theschlierenphotographspresentan appearancesimilartofigure9(b).
Theroughnesselementat ~ causesa separationaheadoftheelement
withan attendantgradualcompressionoftheflow. ThisgradualccEu-
pressiontakesplacethrougha systemofWhwaves thatcoalesceand
forma weakcompressionshockseveralelementheightsawayfTm thesur-
face.An expansionfanisproducedas theflowturnsaroundthetopof
theelement,theflowbecomesovere~andedjanda secondshockcom-
pressestheflowtothefree-stieamvalueagain.Mostofthedetails
oftheshockstructureshowninfigures9(b)and(c)wereobtainedfram

.. . —..——-..—— ———-— — -—— —.—— ..——.
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an examinationofa largenumberofundistortedinstantaneous(3-microsec)
scblierenphotographswhereroughness-elementsizeandlocationandReyn-
oldsnumbercoveredthefullrangeoftheexperimentalconditionsre-
portedinreference2.

At somedistancedownstreamoftheelementandclosetothesurface,
themotionpicturesshowedsmall.disturbancesforminginthelaminar
boundarylayer.Thesewereswallowedup inthelarge-scalefluctuations
atthestartofthetransitionregion,andtheflowfkomhereonappeared
thesameas infigure9(a),exceptthatthetransitionpointwasshifted ~

upstreamsomewhat.No temperatureperturbationoccurredintheneigh- $

borhoodoftheelementwhenitwasplacedinthelaminarboundarylayer.

Whentheelementwasmovedintotheturbulentregionoftheflow
(fig.9(c)),thepictureappemedv&rysimilartothatwithoutroughness,
exceptthata shock-expansion-shock*ve formedofftheelement.In
distinctionto theshockformationoffigure9(b),thatoffigure9(c)
showedbothoftheshockwavespenetratingtothemodelsurface;that
is,theinitialgradualcompressionregionwasabsent.Thesurfacetem-
peraturefollowedthedistributionobtainedwithzeroroughnessup to a
pointnesrtheroughnesselement,wherea suddenriseandfallintem-
peratureoccur.Fromtheesrlierconductionanalysis,itmaybe pre-
sumedthatthetemperatureriseattheelementintheabsenceofsur-
faceconductionwouldbe t3teeperandhigherthamshown.Theregionof
minhumrecoverytemperatureimmediatelydownstreamoftheroughness
elementextendsmanydiametersdownstreamofthewireandconsequently
isnotdtiectlyassociatedwiththeoverexpansionaroundthewire.

SUMMARYOFRESULTS

Froma studyofsurfacetemperaturedistributionsforan insulated
cylinderatMach3.12withandwithoutsingleroughnesselementsandof
simultaneoushigh-speedschlierenmotionpictures,thefollowingresults
wereobtained:

1.Withnoroughnesselementpresent,therecoveryfactorinthe
lsminarboundarylayerwasreducedastheleadingedgewassharpened
(from0.006-to O.0008-in.thickness)andapproachedthetheoretical
valueasa lowerlimit.Sharpeningtheleadimgedgeproducedanup-
streamdisplacementoftherecovery-factorpeakandhencea corre-
spondingdisplacementofthetransition-pointlocation,anda closer
resemblanceto therecovery-factordistributionobservedona cone.

2.lTithnoroughnesselementpresent,thehigh-speedschlieren
motionpicturesshowedtheboundarylayertobe laminaralmosttothe
peakintherecovery-factordistribution.At thispoint,violentfluct-
uationoftheboundarylayertookplace,continuinguntila relatively

.

— —— .— .—— —.
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stableturbulentboundarylayerwasestablished.
regioncorrespondedtothetransitionregionand
inlengthasthestreamReynoldsnumberperinch

13

Thisfluctuating
wasfoundto increase
wasreduced.

3.Thesurfacetemperaturedistributionintheneighborhoodofa
singleroughnesselementdependsonthetypeofboundarylayeratthe
element.Foran elementtitheI.aminarboundarylayer,verysli@t
temperaturerisesaheadoftheelementandanupstreammovementofthe
recoverytemperaturepeak(andhenceofthetransitionpoint)werenoted.
Foran elementintheturbulentboundsmylayer,a relativelylarge
abruptriseb temperaturetiediatelyaheadoftheelementanda shsrp
dropaftertheelementwereobserved.Foran elementinthetransition
region,thetemperatureriseassociatedwiththeelementaccentuated
thetemperatu~eriseat thetransitionpoint.

LewisFlightPropulsion&boratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,May9,1955
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APPENDDKA

SYMBOLS

Thefollowingsymbolsareusedinthisreport:

% numericalconstant

c viscosity-temperatureproportionalityfactor(ref.8)

Cp pressurecoefficient,2(p- P=VP?@.

D numericalconstant

‘2/3 2/3-orderBesselfunction

K constsmtdeftiedby eq.(B5)

k~ thermalconductivityofsurfacematerial

k- thermalconductivityofairinfreestream

m

n

P

q

Re

T

t

u

x

Y:(o)

Y

z

exponentintransitionReynoldsnumbercorrelation,eq.(1)

exponentb temperaturedistribution,eq.(B3)

staticpressure

heatflowperunitwidthofsurface

Reynoldsnumber,U=x/va

absolutetemperature

thicknessofconductingsurface

velocity

axialdistance

functiondefinedInref.8

variabledefinedby eq.(B8)

variabledefinedby equation~= Z2

temperature-recoveryfactor,(T- %J/(T()- %)

.— — -—. —.
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dimensionlesstemperature,(T- T~)/(T?. Tad)

kinematicviscosity

dimensionless

massdensity

distance, I+

Subscripts:

ad adiabaticlaminarvalue

f.

k

t

o

w

downstreamextremityofsteadylaminarboundarylayer

conditionatroughnesselement

conditionsattransition

stagnationcondition

propertyorconditionin

point

freestream

15
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ANALYSISOFWAILCOFUXJCTIONEFFECTS

tideterminingthemagnitudeoftheconductioneffectswithinthe
thinoutershell,itisassumedthatintheabsenceofconductionan
idealtemperaturedistributionexists,as indicatedby thedottedline
insketch(a):

r—.
H

~ Actualtemperature
d

i
$
alo ~Ideal temperature

j —.— .—

Distancefromleadingedge,x

!< /
///////////1//// ///// ‘“/

Sketch(a]

ThefollowinganhysiswllLsuggestvheth=surfaceconductioneffects
mightsomodifytheidealtemperaturedistributionastomakeitcoin-
cidewiththeactualtemperaturedistributionindicatedby thesolid
lineinthelami.narregion.

Considerthetemperaturedistributioninthelaminar-fluwregion
upstreamoftheinflectionpointA insketch(a). Inthisregionthe
wallwillbe takenasa conductingshellthatterminatesattheitilec-
tionpointandhasa fixedtemperatureTf imposedontheterminaledge
q shuwninsketch(b):

—— —
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Fluctuationsintransition-pointlocationupstreamof xf areassumed
negligibleinthisanalysis.Thetemperatureattheleadingedgeis
takenasthelaminarrecoverytemperatureTti~~d theundersideofthe
shellisinsulated.Theuppersurfaceisassumedtobe contpletelyin
thelaminar-flowregion.

A heat%&Lancemaybe writtenby consideringtheheatflowina
sectionoftheplate,whichisshownenlargedontherightinsketch(b):

ql=q2+q3 (Bl)

where q

Thelast
whenthe

istheheatflowperunitwidthofsectionandisgivenby

(B2)

expressionY~(0) isobtainedfromequation(50)ofreference8
walltemperatureisrepresentedby thesimplepowerrelation:

T - Tad n

()T*an $

andtheviscosity-ratiofactorC istakenfora
ature.ThefunctionY:(O) istabulatedagainst

Substitutionofequations(B3)into(B2)and
thedifferentialheat-balanceequation

(~)

constantwalltemper-
n inreference8.

(B2)into(Bl)gives

=0 (B4)

__— ..__ _ _.. ——_.——.
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withtheboundsryconditions

NACATM 3509

T(0)= Tad

T(xf)= Tf

Equation(B4)canbe nondi.mensionalizedby introductionofthenewvari-
ables e = (T- T~)/(Tf- Td) and ~ = x/~, resultingintheequation

d2e

2 -K%”
where

o

(B5)

Theboundaryconditionsbecome

e(o)= o

e(l) s I-

Equation(B5)maybe transformedintoBessel’sequationby intro-
ducingthenewvariablez,where ~ = Zz. Thus,

22& dO
-z7G - 4Kz3e= o (B6)

dz2

withtheboundaryconditionse(o)= o and e(l)= 1.

A solutionofequation(B6)isgiveninreference9 (PP.438to
440). Afterappl~g theaboveboundaryconditions,thesolutionmay
bewrittenas

‘=%%? (B7)

TabulatedvaluesfortheZ/3-orderBesselfunctionswithimaginary
argumentaregiveninreference10. Forvaluesoftheargumentgreater
thanthoseincludedinreference10,thefollowingasymptoticformula
givessufficientaccuracyforthepresentpurposes:

~-2/3J

{
2/3(iY)= A ~

2’ G
where

(B8)

—. -—.—. —z __ .
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Valuesof K wereobtaimedfroma knowledgeoftheReynoldsnumber,
thedistance~, andtheshapeoftheexperimentaltemperaturedistri-
bution.Itwasassumedthattheexperimentaltemperaturedistribution
couldbe adequatelyrepresentedby thepowerrelationofequation(B3),
whichinturnmadeitpossibletodetermineY~(O].Valuesof Xf,n,
Y:(O),and K usedinthepresentcalculationsareas follows:

~/v= perin. Xf, n Y;(o) K
in.

6.61X105 3.4 5.5 1.645 76.5
3.48 4.9 5.5 1.645 96.0
1.82 6.4 5.5 1.645103.7
.95 10.4 3.3 1.400 132.2

A plotofthewalltemperaturedistribution8 against~ given
by equation(B7)-ispresentedinfigure8 forthelistedvaluesof K.
Comparisonofthecomputedandexperimentaltemperaturedistributions
indicatesthatheat-transfereffectsinexcessofthosegivenby the
theoryofreference8 verylikelyarepresent.Thesemaybe causedby
fluctuationsinthetransition-pointlocationorpossiblybyunsteady
motionsinthelaminarbounderylayer.

1.Eward,J.
Studyof
TN 3100,

REFERENCES

c Tucker,M.,andBurgess,W. C.jJr.: Statistical
!&nsition-PointFluctuationsinSupersonicFlow.NACA
1954.

2.Brinich,PaulF.: Boundary-LayerTransitionatMach3.12withand
withoutSingleRoughnessElements.NACATN3267,1954.

3.Buchele,-D.R., andGoosens,H.R.: LensSystemproducingUnequal
Magnificationh TwoMutuallyPerpendicularDirections.Rev.
Sci.Inst.,vol.25,no.3,Mar.,1954,

4.Brinich,PaulF.,andDiaconis,NickS.:
andSkinllrictionatMachNumber3.05.

5.Tucker,Maurice,andMaslen,StephenH.:

pp.262-263.

Boundary-LayerDevelopment
IWCATN2742,1952.

TurbulentBoudary-Lsyer
TemperatureRecoveryFactorsinTwo-DimensionalSupersonicFlow.
NACATM2296,1951.

6.VanDriest,E.R.: CalculationoftheStabilityoftheLsminar
BoundaryLayerina CompressibleFluidona FlatPlatewithHeat
Transfer.Jour.Aero.Sci.,vol.19,no.12,Dec.1952,PP.801-81-2.

. ———.- ————— — — ——— -..-.—.



.-

20

7.Korobkin,Trvipg:
a FlatPlatein
20,no.8,Aug.

8.Chapman,DeanR.,
Profilesinthe
Distributionof

NACATN 3509

ApparentRecoveryFactorsontheLeadingEdgeof
SupersonicLaminsrFluw. Jour.Aero.Sci.,vol.
1953,pp.578-579.

andRubesin,MorrisW.: TemperatureandVelocity
CanpressibleLaminarBoundaryLayerwithArbitrary
SurfaceTemperature.Jour.Aero.Sci.,vol.16,

no.9,Sept.1949,pp.547-565.

9.Kamke,E.: Differentialgleichungen.Akad.Verlagagesellschaft, 8
Becker& ErlerKom.-Ges.(Leipzig),1$1=,pp.fi7-450. 8

10.Jahnke,Eugene,andErode,IYitz:TablesofFunctions.Fourthed.,
DoverPub.,1945,p. 235.

—— _.. .— .— ——— ———-.



5464

r5.1 (Ersept for date h fig. 6 wham
dimemsiom waE 5.1 and 1.8)

- la-a Stuimlaes-eted

g

!2
w
ul
o

m.ltm *U

t . . ..!

O.m% ‘Fd

W2dend tool e-kl
lwdimg-edge ~

Fibmgl.ae imemlatar (movable

steel WI

C9

Gylinder

L
(fixed)

Data of Oylindm

Alr
fl~% 6 ,5

trut

=iiiGGs/”
-w---------

1

I Oomtructio?l

-27.4 31.3

12 Prassure orifioes d 2-in. intervals1

\
~-

60 Thmrcaouplea at *in, Interpele1

Hgmre 1, - CylJmder mudel UBeU in imeatigdion. (All Mmm8iom in inshas. )



.02

.01

c

mynolti number per In.,
UJV.

6.74x105

~ 1::
3.48

A
A

?!

A

A
8 0

A u

8 A $2
0

?4 ❑
u

Q
n

(a) kioruughne.m elemant,

.02

0 8.6W105
❑ 3.67
g 1:::

A A
.01

8
8 $ ~

o
A

a

~ A 2 Q

A
❑ a

o
El

o A
❑

n

8
-.01

2 4 6 B 10 12 14 16 18 20 z
DiOtanOe Tram leaoing edge, x, In.

(b) Height .f roughness element, 0.010 inoh$ distance from leading edge t. Fcm@neas ●l-IIt,

3!3
A

8U

24 26

12 h0he8.

IN
N

FiW.UW 2. - Prea.wce-awfflaiant clbtributionaat variouB free-8trmm Reynolds mere.
~

I

Y%%



5464

I

I

I

I

RaynoltiBnumber per in.,
W-

0

%

6.70x1C$
.3.51
1.e4
.97

.02

.01

&
U

o
0 A $ @A

❑ Q

8
.01

(.) Height of rou@me8n element, 0.0S2 Inoh; distmoe frun leading edge ‘ccI.ougbneeoelement, 12 inohea.
.02

A

!

8.68X1O=
A

.01 3.46 A
1.78 a v v

A .96 A
~ o

❑ •1
A

o A A ‘8
.

9
0 u

. A Q e
o

e
o %

o 0

•1 u
o

6

.012
4

A
6 8 10 12 14 16 18 20” 22 24 26

Distanoe frad lead- edge, x, in.

(d) Rel@lt of rM@uIe8s element, 0.079 inoh; distdnoe from leading edge to roughneaa elermnt, 12 Inohen,

Figure 2# - Cmtinued.F’remsume-ocwffioient diatributicmo at vaPiow free-stream Reynolds numbere.

I



Jl

Reynoldn number Wr in,,
IJJV.

o

2

6.63xl&

.02 3.44
1.W
.04

.01
~ A

A A o

/3 A ? o 0 ❑

Q 8 f!)
A

o Q o

A

“Q d 12 S’nu @ A

-,01
(e) Height of r0u61uIe88element, 0.032 Uoh$ diatnnae M leading w to roughnean elemmnt, B inohea.

.02
A

v V’
o .9.6710.O’5

.01

i!

3.47
A o

1<79
.96

~

A
$ ~ $ a

~
A

A A ~ ~
‘a o

8

0

0 x o 0 ❑

n
8

v
o 0

-,01
2 4 6 8 10 12 14 16 18 20 22 24 26

matance from leading 611s9,x, IQ.

(f) Height Of rcn@ne88 elemant, 0.0S2 Inch; C!AsWoe from leading edge to ro@ne86 element, 4 inch,,.

Flg-@O 2. - Continued. PmOBUre-0m2ffioient distxibutlunBat various free-atmam Reynold8 number8.

VW’s



—. ----

I

I

,

!

Rmyrmlcbnumber per in.,
U&.

o 6.4*1$

2

3.47
1.81
.98

.02

A
A

A
v

o
•1

.01 A
w

A Q $3

A Q
6 ~

o

B A $
Q

A o
❑

o
0

0

w

.01 Q
w

❑

.02
2 4 8 8 10 12 14 18 18 20 22 24 26

D18tnnoe ~ leading edge, x, in.

(g) Height of ruughnesa element, 0.032 inah; dintan.a frcm leading edge w roughneeo element, 2 inahes.

Fisu-e 2. - OcmalUied. Praflame-owffiolmt dlmtributions at variou tree-BtrOam Reynolds numbers.

CN
ul
o
m

IN
(n



N
m

“ ,
/1/

r “, !-.
I

,
Al

.91 )
II I I

y~.,yll l~l~iii iiiiiiiiiiil
I I I I

t

1 1 1 I 1 1 1 I I I I I I

(a) Ha raughnena elmarit.

F- 3. - Reaavery-rnotordlBtributlmsat ve.rica.mfree-etre’amReynolds~ra.



I

1

I

I A v d u /

,87
f / .

!

/ / < ‘

.88
di 1 F{ F

#

.86
0 2 4 6 8 10 lz 14 16 18 20 22 24 26 28

Diatanoafrm ltadiw ●~c, x, in,

(b) Reight of mugime8a elment, 0.010 Inoh$ dlstanoe fmm l.Ming .Qa to rm@m.sn demnt, 12 inohm.

Flgum 3. - ccmtlmwd. Reca~-fmotm. distritmtiormat variousfree-str%mReymldn muberB.



(a)2eightof rwghnma elmt, 0.0S2 Imh) dlBmm fran loadlng ●dSO to rougimem elemnt, 12 inoheB.

I

1

Figme 3. - Cmtinud. Reoovery-fmtm dla~utia nt -IUIB freo-atm Raynolda-era. w

;



.

3464

(d) Hnlgbt of ro@nsaB eluwmb, 0.079 inah; dis-mc tr-caleading edge t-aI.aughneeeE16Wnt, 12 inohem.

Fl@JIW S. - Wntlmwd. Rrnovev-faotor dietributlone at W1OOB fme-mtraam Reyrmld8numbero.
N
a



,
w
o

.

79?s



I

i

1

b!
o
m

Dio~oe from katig ~, x, in.

(r) IiOlghtof raugbmas .l.mnt, 0,032 inoh; distanoe from laaq wJ= tc rcugtion el.smmt, 4 Inohts.

Mgwe s. - Cuntlnued. Reoovew-f aotor dlatributlona at wioue frw-ntmam ROynOldB numbers.



.- 0 2 4 6 e 10 12 14 16 18 m 22 24 26 2.2
Dlatenoe frcm ladlr!g ed.gn,x, h. 5

(8) H.%ht .f ~US el=t, 0.032 I.nab;dInWI.e * laadiw edge @ roushrmu domant, 2 inatm. s

h’i~e 3. - Cunoluded. ReDoTe17-f&3tor distrlbutiwm at Tarlcms free-streim Remolds ntdern. ~



S&4

/

/ \

\

Model

[
— Cylinder fig. S(a))
—. Qllnder ref. 2)
— — Cone (ref. 1)

I
!-.

o 2 4 6 8 10 12 14 16
Di5tmce from leadlng edge, x, in.

(.) Free-stream Reynolds number, 3 .5xl& per Inch.

Figure 4. - Compar180n of recovery fac’cora obklned on varloua mdela wlti no roughnees element.



,90’

I \
\

.89
/ \

/

\ / t-

F

< / $ :
\

: -: ‘= =.

3 “* . ./
j - —

I
,

g i /
.87

i

I

Ii!

/

.86
I

B / Jklael

/
I

/ [

Cylinder fig. 3(8)
—. Cyllmier ref. 2)
——

/
Ck5ne(ref. 1)

.25 }

../
_ —

.64’
0 2 4 6 8 10 12 14 16 18

MHtance from leading edge, x, in.

(b) Ree-8tieem Reynold6 number, 6.7 KK$ per inch.

Fiw 4. - Concluded. Comparison of remvery factora obtained on various models with no roughness element.

g

!3
(.11
m
o
U

797-2



NACATN 3509 35

.

‘r Lead@-edge
shock

\t’’-’’’ie’di

fur f10TJL
Mach3.12 0.9~In.field

ofview

Laninsr-J l!- LTurlmlent

Transition
C-38515

Figure5.- Enlargementof singlehigh-speed16-millimetermovieframe
showingboundary-layerdevelopment.Free-streamReynoldsnumber,
1.82x 105perinch.

..—._. . . . ... .. . .. .. —-—-— -— ———— —.— --— . ..—-——



+

00

0 1 2 3 4 5
Reynolds number per in., Um/vm

6

—.
w
m

Figure 6. - Effect of free-strem Reynolds number on location of transition point.
w
ol
0
G



NACATN 3509 v
.

.

#

4.0>

3.6

3.2

2.8

2.4

2.0

1.6

1.2

.0

.4

0

m+ /
Mx3ellocation

8
Orlgi.ns.l / ‘
Displaced3.3 Inches
downstream #

/
/

/ ‘

/
●

{

/

/

/
/

/ “. 0

/‘
/

/ ()
f /

I
cCJ / TransitionReynolds

{ number, R%
/

/ / 2,903 -.

// .- 5,030 ~m(ref. 2)

—— 12,300 (@!y”39

1 2 3 4 5 6 7x
Reynolds number per in., I@.

Figure 7. - Effect of free-streamReynolds number on transitionReynolds number.

105

. . ..— .—-— _—-— — —. _ -— .— -— .— —-



38 mcA m 3509

1.0

.8

.6

.4

.2

0

-. 2

ReynoldsnumberP= in., K

.3 .4 .5 .6 .7 .8 .9 1.0
Distancefromleadingedge,&, dimensionless

Figure8.- Effectofsurfaceconductionontemperaturedistributions.

-. —



3464

ranerved tmp.

—-d MEtrlimtim
I

HO mlgimem,r

&“E
/-

with i-c@meBa

rw‘t

r

mO. r0u@D900

.-.-----

E=b-
,rhmk~-ion

11-RanBitkm
///‘ih1mt7 f18M0k

(o) FmgimeO. elment in
timbulwltbmmaary ~.

w
u-l
o
to

H&me 9. - Correlation d E&I.iermI obmrvatlone ad ~+auw di&Wmt.ions.


